Abstract Oxidative dehydrogenation of hydrocarbons has been gained much attention for years as the use of an oxidant allows overcoming the thermodynamic limitations of the classical dehydrogenation reaction. In this paper, the catalytic oxidative dehydrogenation of ethylbenzene in the presence of nitrobenzene was studied. In the process various metal catalysts (Fe, Co or V) supported on highly microporous activated carbon (AC) as well as unloaded AC prepared from waste material were tested. The coupled reaction was carried out at 400°C for three hours. At the same conditions the process without nitrobenzene was also investigated. The results of catalytic tests revealed that the use of nitrobenzene allows obtaining significantly higher yield of styrene comparing with the reaction in the non-oxidative conditions. In each case, besides styrene also aniline was formed. Carbonaceous deposit was created as a by-product. For this reason, rapid decrease in catalytic activity with the time of reaction was observed. Unloaded activated carbon showed fairly good catalytic properties. Generally, the higher content of active phase supported on AC, the worse the catalytic activity of the system was noticed. It was suggested that the dispersion of metal particles can play an important role in the process. 
Introduction
The catalytic dehydrogenation of ethylbenzene leads to styrene which is widely used for the manufacture of polystyrene and different styrene copolymers (e.g. ABS -terpolymer of acrylonitrile, butadiene and styrene, SBR -styrene-butadiene rubber, or SAN -styrene acrylonitrile copolymer). These products are applied for fabrication of household appliances, car parts, toys, food containers, medical devices, etc. However, industrial method of styrene production suffers from a few draw-backs: (a) the ethylbenzene dehydrogenation is thermodynamically limited and hence the yield of styrene formed oscillates around only 50%, (b) the reaction is strongly endothermic, so high temperature (>650°C) and large amounts of superheated steam must be used, and (c) the catalyst is irreversibly deactivated. All of these limitations have prompted scientists to seek another, more viable way of styrene production. Literature data suggest that one of the most promising modifications of the classical catalytic dehydrogenation of hydrocarbons (DH) is the use of an oxidizer in the reaction (so-called oxidative dehydrogenation, ODH). Generally speaking, introduction of an oxidant to the reaction system allows reducing the temperature of the dehydrogenation. Moreover, in accordance with the Le ChatelierBraun principle, it permits obtaining a higher yield of the dehydrogenation product (compared to the classical DH process).
In the ODH reaction mostly oxygen or carbon dioxide has been used as oxidizing compounds. With these two oxidizers many different catalysts have been tested so far. In the oxygen-assisted ODH of light alkanes Li/Bi/CaO and Li/Na/MgO-like basic materials (Ji et al., 1994; Swaan et al., 1992) , basic zeolites as well as acidic or neutral zeolite catalysts have been investigated (Chang et al., 1993) . It was also found that catalysts based on molybdates (Agafonov et al., 2007) or ferrites (Armenda´riz et al., 1992) are effective in this process. There are many papers regarding the use of vanadium-containing systems in ODH of light paraffins as vanadium species are suggested as favorable sites for this reaction (Dang et al., 1998; Mamedov and Corte´s Corbera´n, 1995) . Good results were also obtained with Ni catalysts, such as Nicontaining mixed oxides or nickel nanocomposites (Heracleous and Lemonidou, 2006; Zhang et al., 2009 ). On the other hand, CO 2 -assisted ODH of light alkanes was successfully carried out with variety of supported metal catalysts and metal oxide systems (Wang and Zhu, 2004) , giving a possibility of suppressing deep oxidation observed in the case of the use of oxygen in the reaction.
In the oxidative dehydrogenation of ethylbenzene (ODE) much attention has been paid particularly to different oxides (such as vanadium oxides, cobalt doped oxide systems, supported iron oxide catalysts), oxides promoted with rare earth metals (e.g. Sm 2 O 3 /V 2 O 5 ) (Badstube et al., 2000; Oganowski et al., 1996; Sugunan and Renuka, 2002a,b) or metal phosphates (Bautista et al., 2007) . However, the discovery that the carbonaceous deposit formed on the catalyst surface during ODH acts as a real active phase for the reaction resulted in the extensive use of carbon materials in this process (Pereira et al., 2002) . Interesting results of the studies on the usage of different carbon materials (e.g. activated carbons, carbon nanofibers) in the reaction with oxygen were presented by Pereira et al., (2002 Pereira et al., ( , 2001 Pereira et al., ( , 2000 Pereira et al., ( , 1999 . The authors investigated the influence of texture and surface chemical groups of different carbon catalysts on the process and stated that in the ODE reaction the carbonyl/quinone structures are involved according to a redox mechanism of Marsvan-Krevelen. Moreover, they confirmed that textural parameters of these materials also play an important role in the reaction (although only up to a certain pore size).
The application of oxygen or carbon dioxide in the ODH processes results in overcoming the thermodynamic limitations of the dehydrogenation reaction; however, in this case the formation of the worthless or even troublesome by-product/s (water or water and carbon oxides) is observed. An interesting alternative might be the use of nitrobenzene instead of O 2 or CO 2 , as in this case besides the styrene also another useful compound -aniline, is obtained. Thus, during a single process two industrially important compounds can be simultaneously produced.
There are only a few papers on the use of nitrobenzene in the ODE (ODE-N process). In the reaction mainly activated carbons (Malaika et al., 2013 (Malaika et al., , 2012 Malaika and Kozłowski, 2011) and Al 2 O 3 , ZSM-5, AlPO 4 , and SiO 2 (Bautista et al., 1999; Sun et al., 2002) were tested as catalysts. Scarce data on the topic have prompted us to undertake research in this area. As some metallic materials, e.g. supported nickel systems (Bautista et al., 1999) , were found to be very efficient catalysts in the ODE-N reaction, our studies are focused on the testing of different metals supported on activated carbon in this process.
Experimental

Preparation of catalysts
In the ODE-N reaction the activated carbon (AC) prepared from post-consumer wastes (in the form of plastic bottles made of polyethylene terephthalate) was used as a support for different metals. The precursor was crumbled and then chemically activated with solid KOH at 800°C for 45 min (the weight ratio of the raw material to KOH was 1:4). The product obtained was washed with the 5% solution of HCl and distilled water and dried overnight at 110°C. Metal/AC catalysts were obtained by incipient wetness impregnation. The active metal precursors were solutions of iron or cobalt nitrates in water or ammonium metavanadate in 1 M solution of oxalic acid (in the concentrations necessary to obtain 0.02, 1, 5, 10 or 20% of metal loading). Impregnated samples were subjected to thermal treatment in helium atmosphere at 460°C for 1 h and then reduced with hydrogen for 2 h at the same temperature. The catalysts obtained in this way were labeled according to the scheme: x% Me/AC, where x% means the amount of metallic phase and Me = Fe, Co or V supported on activated carbon (AC).
Catalyst characterization
The textural characterization of the catalysts obtained was determined on the basis of nitrogen adsorption at À196°C, with the use of a sorptometer Quantachrome Autosorb IQ. The apparent specific surface area (S BET ) was calculated using the BET equation, while the micropore volume (V micro ) and external (mesopores + macropores) surface area (S ext ) were found using the t-plot method (Gregg and Sing, 1982) . The total pore volume (V tot ) was obtained from N 2 amount adsorbed at a relative pressure close to unity. The pore size distribution was evaluated using the DFT method.
Selected samples (chosen from the fresh as well as the spent ones) were also investigated with the use of other methods. Morphological appearance of the catalysts was studied by scanning electron microscopy (SEM) using PHILIPS 515 apparatus and transmission electron microscopy (TEM) using JEOL 2000 electron microscope. TEM images were also used to get information about average size of metal particles supported on the AC. Furthermore, the real content of metals in the catalysts obtained was measured. In that case three portions of each sample were first treated with the nitric acid in a Mars 5 microwave oven (CEM Corporation, USA). Next, inductively coupled plasma -optical emission spectrometry (ICP-OES), was applied for analysis of the solutions obtained (with the use of Varian VISTA MPX apparatus). Powder X-ray diffraction (XRD) measurements were carried out with a Bruker AXS D8 Advance apparatus, equipped with Johansson monochromator (kCu Ka 1 = 1,5406 Å ) and silicon strip detector LynxEye. The crystalline phases were identified using the International Centre for Diffraction Data (ICDD) PDF4 2016 database.
Catalytic measurements
Ethylbenzene dehydrogenation coupled with nitrobenzene hydrogenation was carried out in a glass reactor at 400°C for nearly 3 h. In each run 50 mg of a sample was used. Before the process the catalyst was pre-treated with hydrogen at 460°C for 1 h. After that, helium flow was switched on and the temperature was lowered to the desired level (400°C). The reaction mixture consisting of ethylbenzene and nitrobenzene (the molar ratio of the reagents was 3:1, respectively) was provided to the reactor by syringe pump at a rate of 0.5 cm 3 /h. Post-reaction mixture was collected every 24 min to the Ushaped tube immersed in liquid nitrogen. After reaching ambient temperature, the tube was weighted. To obtain homogenous sample the small amount of isopropanol was added to the mixture. Then the mixture was analyzed using a gas chromatograph equipped with a FID detector and a 30 m MTX1 capillary column.
Styrene and aniline yields were calculated using the equations given by other authors (Bautista et al., 1999) . In all cases the estimation of the amounts of reagents was based on the combination of gravimetric and chromatographic methods. Table 1 presents the data on textural parameters of the activated carbon and selected Me/AC catalysts obtained in our laboratory. As follows from the results, the use of KOH for the chemical activation of polyethylene terephthalate allowed obtaining material with well-developed porous structure which is confirmed by a large apparent specific surface area of the AC sample (above 2300 m 2 /g). The support is a typical microporous material which is indicated by low contribution (only 4.4%) of external surface area (mesopores + macropores, S ext ) to the total surface area of pores (S BET ), and a high contribution (above 86%) of the micropore volume (V micro ) to the total pore volume (V tot ). Moreover, the XRD pattern obtained for the support (Fig. 1) showed that the AC must be considered as an essentially amorphous material with just small domains of graphitic crystallites. This was indicated by the presence of two very weak and broad reflection peaks, at 40-46°(C(101)) and 15-30°(C(002)), both typical for carbons (Botas et al., 2010) .
Results and discussion
Catalyst characterization
As it was presented in Table 1 , a decoration of AC with small amounts of metals did not lead to significant changes in textural parameters of the support (1% Me/AC samples).
On the other hand, the impregnation of AC with more concentrated solutions of metal salts and further treatment of the samples obtained produced new materials with totally different textural properties. The data shown in Table 1 for 20% Me/ AC samples indicate that the modifications of the support led to a decrease in its apparent specific surface area and the pore volume (mainly that of micropores). This decrease is most probably caused by blocking of small pores of AC by the introduced metal particles. Surprisingly, at the same time the area of mesopores and macropores (S ext ) increased significantly. Probably, this phenomenon is a consequence of interaction between carbon and hydrogen (which was used during metal/ AC preparation). As a result, a part of the carbon could have been gasified, causing a widening of some micropores. In the case of the 20% Me/AC systems, the low ratio of V micro /V tot (from 0.11 to 0.17) and the high S ext /S BET ratio (from 0.80 to 0.85) indicate mesoporous structure of the materials prepared. Fig. 2 depicts the% pore size distribution calculated for the catalysts with 20% of the metal loading. The results obtained confirm that in all cases the mesoporosity is preferentially developed. The samples contain, however, also a relatively high amount of micropores. The content of larger pores (width P50 nm) is negligible. It is important to note that the results obtained do not precisely correspond to those presented in Table 1 . This fact is a simple consequence of the use of different models for calculations done (the t-plot and DFT method). Studies on the coupled reaction of ethylbenzene dehydrogenation/nitrobenzene hydrogenationThe general conclusion, however, is the same in both cases. The mesoporous structure of the 20% Me/AC catalysts is also confirmed by the nitrogen adsorption-desorption isotherms obtained for these materials (Fig. 3) . According to the IUPAC classification, the curves represent the isotherms of a type IV with a hysteresis loop caused by capillary condensation (H4 type), typical for mesoporous materials (Sing et al., 1985) .
To be sure that the procedure of deposition of active phase on the support was efficient and succeeded, all the materials prepared were examined using ICP-OES analysis. The data obtained are depicted in Table 2 . As follows from the results, in most cases the real content of active phase in the catalysts prepared was more or less close to the nominal value. Therefore, it can be stated that the method applied for the deposition of the metals was effective. However, it cannot be missed that in some cases the real contents of active phase in the materials produced were higher than it had been planned (for Fe/AC and Co/AC systems). This phenomenon can be related to the partial gasification of carbon with hydrogen during Me/AC preparation stage (see Experimental Section). It is also clearly visible that for some catalysts differences between the real and nominal values are more pronounced. It is possible that the gasification reaction is catalyzed by metals and the higher the content of metal, the more of carbon is gasified. This phenomenon must result in higher real content of active phase in the material produced. The opposite effect was observed in the case of V/AC catalysts (lower real metal content than nominal) which can be explained by some difficulties in dissolving of vanadium salt in the organic solution used for the impregnation of the support (see Section 2.1).
To get more information about the structure of the materials and distribution of the active phase in the catalytic systems prepared, selected samples were investigated using TEM and SEM techniques. Fig. 4a -f presents TEM micrographs obtained for selected Me/AC systems (1% and 20% of metals). Dark spots observed in all cases confirm the presence of active phase in the materials produced. However, as can be seen, there are some important differences between the catalysts with varying amount of the metallic phase. As follows from Fig. 4a , in the case of 1% Fe/AC, metal particles are well dispersed on the carbon surface. Moreover, the particle size distribution is quite narrow (60-120 nm). The deposition on the carbon surface of a greater amount of metallic phase leads to agglomeration of some metal particles. As a result, in the TEM image of 20% Fe/AC (Fig. 4d ) some small dark spots (corresponding to small metal particles of size of about 25 nm) as well as the big ones (corresponding to metal agglomerates of size of about 440 nm) are observed. This indicates that the catalysts surface is not homogenous. The same phenomenon is observed in the case of Co/AC catalysts. Fine particles and a relatively good metal dispersion were obtained for the 1% Co/AC sample (Fig. 4b) , whereas the 20% Co/AC system showed significantly larger and more randomly dispersed metal particles (Fig. 4e) . For the V/AC catalysts the situation is entirely different (Fig. 4c and f) . In both cases the dispersion of the metal was not satisfactory. It was also found, that for both vanadium catalysts there was a great tendency to the formation of large agglomerates.
The presence of metal particles of different sizes is also confirmed by the SEM micrographs (of the selected sample) in which some agglomerates as well as some small particles can be clearly seen (Fig. 5) . As it is also shown in Fig. 5 , metal particles are attached to the carbon surface. However, it can be also supposed that some of them are located in pores of the activated carbon used as a support (but probably only the smaller ones). 
Catalytic activity
A general scheme of the ODE-N process is depicted in Fig. 6 . However, it should be emphasized that the reaction mechanism in detail is still unknown. It is supposed that the process might involve a redox reaction according to the Mars-vanKrevelen mechanism, which is also postulated for the ethylbenzene dehydrogenation process carried out in the presence of oxygen (Pereira et al., 2000; Schraut et al., 1988) . According to this mechanism (with oxygen) the quinone groups, which are considered as active sites of the reaction, are reduced to hydroquinone ones by the adsorbed ethylbenzene and then reoxidized back to quinones by oxygen. A different reaction path for ODE-N was proposed by Bautista et al. (1999) . The authors suggest that in the reaction with nitrobenzene acidic active sites on the catalyst surface might play an important role in the process. However, they indicate that for the ODE-N process a single common mechanism is more probable than the Mars-van-Krevelen one (due to the existence of a common isokinetic relationship with a non-oxidative reaction obtained Studies on the coupled reaction of ethylbenzene dehydrogenation/nitrobenzene hydrogenationby the authors). To conclude, the reaction of ethylbenzene dehydrogenation in the presence of nitrobenzene over Me/ AC systems due to the inhomogeneity of the catalyst surface (not only the metal particles but also the carbon surface is active in the reaction that might give rise to parallel reactions) is rather complex. In order to estimate the influence of nitrobenzene on the ethylbenzene dehydrogenation reaction over the activated carbon supported metal catalysts, the process with and without oxidizer was carried out. Fig. 7 shows the comparison of the yields of styrene generated in the simple dehydrogenation and oxidative dehydrogenation of ethylbenzene with the use of 10% Fe/AC catalyst. As follows from the results, in the non-oxidative conditions the catalytic activity of the material applied is really low; the styrene yield is only about 1% during the whole process. The introduction of nitrobenzene into the reaction system results in a significant increase in the yield of styrene. The catalytic activity of the materials measured after 24 min of the process is around 16% which is several times higher than in the reaction carried out without nitrobenzene. The final yield of styrene is also higher, although the catalysts deactivation takes place. The better performance of the catalyst in the process with nitrobenzene is related to the continuous ''consumption" (by the oxidizer used) of hydrogen generated in situ during a dehydrogenation reaction. This phenomenon results in shifting of chemical equilibrium (according to the Le Chatelier-Braun principle) and in an increase in styrene production. It is worth noting that the use of nitrobenzene has also another advantage. In our case, in the reaction with this oxidizing agent not only styrene was formed. There was also generation of aniline (produced by hydrogenation of nitrobenzene) which is recognized as a very useful compound for pharmaceutical, dye or rubber industry. The initial yield of this product was about 19.5%. The very high selectivity to styrene and aniline (close to 100%) was obtained during the whole reaction, as no significant amounts of by-products were detected by the GC analysis. High value of this parameter might be explained by the presence of nitrobenzene in the system, which is not only responsible for the shifting of equilibrium of the process (as mentioned above) but also for a limitation of secondary reactions (as nitrobenzene acts as hydrogen acceptor in the reaction) (Bautista et al., 1999) . Similar effect was not only reported in our previous study performed with the use of modified activated carbons (Malaika and Kozłowski, 2011) , but also by other authors over Ni, Ni-Cu catalysts, SiO 2 , Al 2 O 3 , AlPO 4 systems (Bautista et al., 1999) or Pd/ZnAl 2 O 4 catalyst (Harikrishna et al., 2014) .
Figs. 8-10 present the results of styrene yield obtained in the ODE-N reaction on all the catalysts prepared. As can be seen, in each group of materials the catalytic activities of the systems differ significantly depending on the metal content (especially comparing the samples with the lowest and the highest amount of the metal phase) and this phenomenon depends on the type of metal. In general, it can be said that the higher the metal content in the material produced, the worse its catalytic activity toward the generation of styrene (especially at the beginning of the process). As it has been reported by Harikrishna et al. (2014) , this phenomenon might be connected with the size of metal particles. The authors studied the ODE-N reaction over a series of crystalline ZnAl 2 O 4 supported Pd catalysts (the metal loading in the range of 0.25-4.00 wt%) and they found that the best results could be obtained with the use of 0.5% Pd/ZnAl 2 O 4 system. It was also shown that the further increase in palladium content resulted in decrease in the substrates (ethylbenzene and nitrobenzene) conversion. The authors explained that the high amount of the metal loaded leads to low Pd dispersion and the high Pd particle sizes (the effect of agglomeration of palladium particles). As a result, the material obtained does not provide an adequate ensemble of catalytic sites for adsorption of substrates and other intermediates (Harikrishna et al., 2014) . Moreover, the authors suggested that the optimum Pd particle size for ODE-N reaction is about 3 nm. Apparently, in the case of our Me/AC catalysts the same explanation can be applied. As it was revealed by SEM and TEM analysis (Section 3.1), the samples with lower content of the metal phase mostly show a good distribution of metal particles; moreover, the particles are rather small (contrary to the catalysts with higher content of metals where several agglomerates can be observed). In all cases, the low metal-loaded materials exhibited better performance in the reaction studied. On the other hand, it can be also supposed that the decrease in the yield of styrene with the increase in metal loading might be related to the reduction in apparent surface area of the materials produced. This assumption seems to be confirmed by the high activity of the AC (Fig. 10) -the pristine support without any ''active" phase but with the highest S BET (above 2300 m 2 /g, see Table 1 ). In our previous paper, we have found that there is a correlation between the yield of styrene and S BET of different activated carbons used as catalysts in ODE-N reaction. However, it should be added that this was not the only factor which determined the activity of the materials investigated. The other one was chemical structure of the catalyst surface (Malaika et al., 2012) .
From Figs. 8-10 it can be easily noticed that all catalysts prepared deactivate rapidly with the time on stream. On the basis of our previous studies on the ODE-N reaction over different activated carbons, we claimed that the decay of catalytic activity of the materials used was a result of the blocking of catalyst pores by deposit formed during the process (Malaika et al., 2013 (Malaika et al., , 2012 Malaika and Kozłowski, 2011) . However, in the case of metallic systems also high temperature sintering should be taken into account as possible reason of the catalysts deactivation. Hossain et al. (2012) suggest that in the direct ethylbenzene dehydrogenation reaction the above mentioned processes (sintering and deposit creation) are interconnected and concurred to the deactivation of the catalytic system used. The authors stress, however, that the most important factor affecting the catalyst activity remains usually the coke formation. Apparently, in our case the deactivation phenomenon is Studies on the coupled reaction of ethylbenzene dehydrogenation/nitrobenzene hydrogenationalso mainly a consequence of the formation of carbonaceous deposit on the catalyst surface. This is confirmed by the results of textural analysis performed for the selected system after reaction (Table 1) . After ODE-N process, the BET surface area of the catalyst investigated has been reduced significantly (to 101 m 2 /g). Also a significant decrease in other parameters (external surface area, total pore volume and micropore volume) is observed. In order to better characterize the carbonaceous deposit formed during the process, the selected spent catalyst was also investigated by SEM technique. Fig. 11 presents SEM image of the 20% Fe/AC sample after the reaction. The deposition of coke covering the catalyst surface seems to be obvious. The deposit can be observed as a thin layer of carbon covering the metal particles (which are no longer visible, please compare with Fig. 5 ), blocking the pores and the active sites of the reaction. Probably, this deposit is created through different polymerization, condensation and decomposition reactions (of substrates and products), which is typical for many organic compounds heated in the inert atmosphere at elevated temperatures. It is also worth noting that this carbonaceous substance might be different in nature (e.g. different C/H ratios can be found depending on the reaction conditions and the catalyst used (Schraut et al., 1987) ); however, in general it is based on a system of condensed aromatic rings, similar to a graphitic structure, with the functional groups at the layer edges (Schraut et al., 1987) . Unfortunately, such structure is very similar to the structure of the activated carbon used as a support and that is the reason why the detection of the coke deposited on the surface of AC is not an easy task. We tried to detect the presence of a carbonaceous deposit using the XRD method. Fig. 1 shows XRD patterns for the selected sample -20% Fe/AC, before and after ODE-N process. Only metallic iron was identified for the fresh catalyst. The spectrum obtained for the sample after the reaction did not show any additional signals related to the carbonaceous substance. Therefore, the carbonaceous deposit must exist on the catalysts surface in an amorphous form. On the other hand, the spectrum obtained clearly indicates the presence of iron oxides (Fe 2 O 3 and Fe 3 O 4 ) on the AC surface. Their creation is probably a result of a reaction between Fe and nitrobenzene. The disappearance of metallic Fe and a simultaneous formation of such oxides can be an additional possible reason (beside formation of coke) of the catalyst deactivation.
After an initial significant drop in styrene yield, the activity of the catalysts has tendency to stabilize (Figs. 8-10 ). Probably, this phenomenon results from some catalytic properties of the carbonaceous deposit formed in the reaction, as it was also mentioned in the other papers (Malaika et al., 2013; Malaika and Kozłowski, 2011) . After about 170 min of the reaction the yield of styrene obtained over the most effective supported metal catalyst (0.02% V/AC) was about 10.0%. However, it is worth noting that the results obtained after almost 3 h of the reaction for all catalysts prepared in our laboratory were usually slightly better than those obtained by other authors after 1 h (even at higher temperature) with the use of other metallic systems, e.g. Ni or Ni-Cu catalysts (Bautista et al., 1999) .
For comparison purposes, in Fig. 10 the data on the catalytic activity of the support were also given. As follows from the results, most metallic systems prepared show worse catalytic performance than the unloaded AC sample. This is especially clearly visible in the initial stage of the reaction; however, the final styrene yield obtained in the case of AC is also slightly higher. Only samples with very low metal content (0.02%) exhibit comparable or slightly higher activity than the pristine AC, which can be also related to large surface areas of these materials. Sun et al. (2002) compared the activity of an activated carbon and a series of Pt/AC catalysts in the ODE-N reaction at 400°C and also found that AC showed quite good catalytic performance, in many cases even better than Pt/AC systems. Among five different supported platinum catalysts tested, only a sample with the content of metal of 0.02%, and subjected to additional treatment (reduction followed by oxidation), exhibited distinctly better catalytic performance than AC (ethylbenzene conversion = 33.8%, nitrobenzene conversion = 72.3% comparing to 30.9% and 45.2%, respectively; for both catalysts the selectivities to products were comparable). Also Bautista et al. (1999) tried to enhance the catalytic activity of different supports (AlPO 4 , Al 2 O 3 , SiO 2 , natural sepiolite) by the use of supported metals (nickel and copper) and pointed that in the reaction with nitrobenzene as an oxidant, these supports used as direct catalysts showed better performance than Ni or Ni-Cu supported materials. However, the authors did not provide any possible explanation of this phenomenon. Thus, further systematic studies in this field are needed.
As it was said, in the ODE-N reaction besides styrene also aniline is formed. The effect of time on stream and the type of catalyst on the yield of aniline produced in the process are shown in Table 3 . As can be seen, in all cases the highest yield of aniline is obtained at the beginning of the reaction. After the first measurement (24 min of the process) this parameter is in the range of 8-26%, depending on the material used. Unfortunately, the deactivation of the catalysts occurs rapidly, similarly, as it was reported in the case of ethylbenzene dehydrogenation. As it was mentioned earlier, this phenomenon is a consequence of blocking of the catalyst pores. The most active catalyst was 0.02% V/AC system -after 24 min of the process the aniline yield was about 26.3%. However, this material deactivated quite fast; after 48 min the yield of aniline was about 9.9%. Unloaded AC showed one of the best activities toward aniline formation during the whole process. It should be also noted that in most cases the initial yield Figure 11 SEM micrograph of 20% Fe/AC after ODE-N reaction.
of aniline was higher than the initial yield of styrene (see Table 3 and Figs. 8-10) which seems to be illogical taking into account that aniline is hydrogenated by H 2 coming from ethylbenzene dehydrogenation. The same trend was observed also in other papers (Bautista et al., 1999; Malaika et al., 2013) . A possible explanation of this phenomenon was presented in our previous publication (Malaika et al., 2013) . According to the paper, at the beginning of the reaction styrene has a greater tendency for decomposition and formation of a coke than aniline (for that reason in most cases the yield of aniline is higher than that of styrene). At the final stage of the process the opposite situation takes place -aniline decomposes faster than styrene. As a consequence at this stage of the process the yield of aniline is usually lower than the yield of styrene.
Conclusions
Activated carbon and activated carbon supported metal catalysts were successfully prepared with the use of waste bottles made from polyethylene terephthalate, which offers a possibility of reducing postconsumer wastes in the environment. The materials obtained showed different textural characteristics. High metal-loaded samples had significantly smaller apparent surface area and pore volume than unloaded AC, whereas samples with low content of metal exhibited similar textural characterization as the support.
All the materials prepared were active in the dehydrogenation of ethylbenzene in the presence of nitrobenzene, offering a possibility of formation of two useful products -styrene and aniline. In all cases, the highest yields of these compounds were observed at the beginning of the reaction. With the time of the process the amount of styrene and aniline decreased, apparently as a consequence of blocking of pores of the catalysts by carbonaceous deposit formed from the reagents. It was found that the samples with smaller amount of metallic phase showed better performance in styrene formation, which can be related to the smaller mean particle sizes and better metal distribution observed in that case. Also a relation between the activity of the catalysts and their apparent surface areas was found. One of the best results was obtained for unloaded activated carbon. Only a decoration of AC with small amounts of vanadium allows enhancement of the activity of the catalysts prepared in the reaction studied.
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